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ABSTRACT
Core-collapse supernova (SN) explosions may occur in the highly inhomogeneous
molecular clouds (MCs) in which their progenitors were born. We perform a series of 3-
dimensional hydrodynamic simulations to model the interaction between an individual
supernova remnant (SNR) and a turbulent MC medium, in order to investigate possible
observational evidence for the turbulent structure of MCs. We find that the properties
of SNRs are mainly controlled by the mean density of the surrounding medium, while
a SNR in a more turbulent medium with higher supersonic turbulent Mach number
shows lower interior temperature, lower radial momentum, and dimmer X-ray emission
compared to one in a less turbulent medium with the same mean density. We compare
our simulations to observed SNRs, in particular, to W44, W28 and IC 443. We estimate
that the mean density of the ambient medium is ∼ 10 cm−3 for W44 and W28. The
MC in front of IC 443 has a density of ∼ 100 cm−3. We also predict that the ambient
MC of W44 is more turbulent than that of W28 and IC 443. The ambient medium
of W44 and W28 has significantly lower average density than that of the host giant
MC. This result may be related to the stellar feedback from the SNRs’ progenitors.
Alternatively, SNe may occur close to the interface between molecular gas and lower
density atomic gas. The region of shocked MC is then relatively small and the breakout
into the low density atomic gas comprises most of the SNR volume.
Key words: hydrodynamics — methods: numerical — ISM: molecules — ISM: struc-
ture — supernovae: general
1 INTRODUCTION
An important class of core-collapse supernova remnants
(SNRs) has been found to be interacting with molecular
clouds (MCs), presumably the birth clouds of the supernova
progenitors. Direct evidence for SNR-MC interaction comes
from observations of the OH (1720 MHz) maser transition
line, which is a powerful tracer associated with SNR shock
waves in MCs (Frail, Goss & Slysh 1994; Claussen et al.
1997; Frail & Mitchell 1998; Claussen et al. 1999; Wardle &
Yusef-Zadeh 2002 and references therein). More generally,
SNR-MC interaction can be shown by broad molecular line
features, including H2, CO, HCO
+, HCN, and CS (Seta et
al. 1998, 2004; Reach et al. 2005; Jiang et al. 2010; Lee et
al. 2012; Slane et al. 2015 and references therein).
There is a strong correlation between SNRs that show
molecular emission and those that have a mixed morphology.
The term “mixed morphology” (also called “thermal com-
posite”) is used for SNRs that show a shell structure at radio
? E-mail: dz7g@virginia.edu
wavelengths, but center-filled emission at X-ray wavelengths
(Rho & Petre 1998; Jones et al. 1998). Among the known
295 Galactic SNRs (Green 2014), about 40 SNRs belong to
this category (Lazendic & Slane 2006; Vink 2012). Good ex-
amples of this type of remnant are W44, W28 and IC 443,
all of which are known to be interacting with MCs. Several
generations of X-ray satellites have been used to observe the
detailed X-ray properties of these SNRs (see Section 5 for
references). The X-ray emission is primarily thermal, so it
gives information on the hot gas content of the remnants.
A more recent finding is the evidence for a recombining X-
ray spectrum, which has been observed for W44 (Uchida
et al. 2012), W28 (Sawada & Koyama 2012), and IC 443
(Yamaguchi et al. 2009; Ohnishi et al. 2014) among others.
Furthermore, many of these remnants have been detected as
sources of high energy γ-ray emission, both at GeV (Fermi
and AGILE) and TeV (ground-based Cherenkov detectors)
energies (e.g., Abdo et al. 2010a,b,c; Tang & Chevalier 2014;
Humensky & VERITAS Collaboration 2015).
The origin of the mixed morphology SNRs is still un-
clear. A variety of analytic models beyond the standard SNR
c© 0000 RAS
ar
X
iv
:1
80
7.
06
60
3v
2 
 [a
str
o-
ph
.H
E]
  1
0 O
ct 
20
18
2 Zhang & Chevalier
model (e.g., Sedov 1959; Chevalier 1977; Draine 2011) have
been proposed for these SNRs. These analytic models de-
scribe dense clumps surrounded by the interclump ambient
medium with a low density. White & Long (1991) developed
self-similar solutions for the interaction of a blast wave with
clumps, showing that evaporation of the clumps by thermal
conduction could lead to center filled thermal X-ray emis-
sion. In this model, the blast wave moves rapidly through the
interclump medium and does not cool. Chevalier (1999) pro-
posed a model for SNRs primarily propagating in the inter-
clump medium with a density ∼ 5−25 cm−3 and interacting
with molecular clumps with a density ∼ 103 cm−3. Models
for W44 and IC 443 involved the supernova shock wave be-
coming radiative in the interclump region, and the interac-
tion of the cool shell with clumps giving rise to the molecular
emission. Cox et al. (1999) and Shelton et al. (1999) devel-
oped a partially radiative remnant model for W44, with an
emphasis on the X-ray emission. In this model, there is a
gradient in the ambient density, which is 6 cm−3 on average.
A key feature of the model is the action of thermal conduc-
tion in the hot gas. Reach et al. (2005) presented molecular
line observations of the remnants W44 and W28, leading to
a model for W44 in which a non-radiative shock wave with
velocity 500 km s−1 moves through an interclump medium
with a density of 5 cm−3.
An important feature of MCs is turbulence. Molecular
lines from MCs show a correlation between the length of
MCs (L) and the widths of lines (σ) that σ ∝ L, with
 ∼ 0.2 − 0.5 (Larson 1981; Heyer et al. 2009; Lombardi,
Alves & Lada 2010; Schneider et al. 2011). The σ − L rela-
tion shows that molecular lines have features that indicate
the presence of supersonic turbulence (Zuckerman & Evan
1974; Falgarone & Philips 1990). Such turbulent motions can
generate a turbulent density structure, and there is evidence
for such structure from the column density distribution of
CO and dust in MCs (Padoan et al. 1997) and the density of
H2CO (Ginsburg et al. 2013). On the other hand, numerical
simulations have been performed to study turbulence struc-
ture for two decades (Gammie & Ostriker 1996). Simulations
show that for isothermal gas, the density probability distri-
bution function (PDF) with respect to mass or volume tends
to a lognormal distribution in the case of supersonic turbu-
lence (Vazquez-Semadeni 1994; Ostriker, Stone & Gammie
2001; Kevlahan & Pudritz 2009; Lemaster & Stone 2009a,b).
The peak of the distribution with respect to mass gives the
density of clumps that have most of the mass, while the peak
of the distribution with respect to volume gives the density
that occupies most of the volume.
Recently, a series of 3-dimensional (3D) numerical sim-
ulations have been carried out to investigate the evolution
of SNRs interacting with a multiphase or turbulent medium.
Martizzi et al. (2015) considered SNR expansion into a den-
sity structure with the lognormal density distribution ex-
pected from supersonic turbulence, quantified the momen-
tum and energy injection from individual SNRs into the
turbulent ISM, and developed a series of analytic formulae
that provide the “sub-grid” models for galaxy-scaled simula-
tions of SN-driven outflows (Martizzi et al. 2016; Fielding et
al. 2017). Walch & Naab (2015) considered a fractal den-
sity structure and a lognormal probability distribution func-
tion (PDF), and studied the SNR-MC interaction. Iffrig &
Hennebelle (2015) allowed a presupernova turbulent velocity
field to act, leading to the assumed density structure, with
a declining PDF at high density more like a power law than
a lognormal distribution. Kim & Ostriker (2015) also sim-
ulated 3D remnants, but in a 2-phase interstellar medium,
not a turbulent density structure. All the above works had
the aim of determining the supernova remnant momentum
and energy feedback in the ISM and MCs for large scale
simulations of galaxy formation and evolution. The empha-
sis was thus on the late times, with little attention to the
appearance of middle-aged remnants.
Other numerical simulations directly modeled synthetic
emission from remnants and compared to observations.
Slavin et al. (2017) presented 2D and 3D hydrodynamic
simulations including thermal conduction to test the ana-
lytic model of White & Long (1991). The effects of non-
thermal broadband emission were simulated by Ferrand, De-
courchelle & Safi-Harb (2014). Simulations have been di-
rectly compared to observations of SN 1987A (Orlando et
al. 2015), Cassiopeia A (Orlando et al. 2016), and CTB
109 (Bolte, Sasaki & Breitschwerd 2015). However, turbu-
lent molecular clouds were not involved in these works.
Our purpose in this paper is to perform hydrodynamic
simulations to model SNR interacting with a turbulent
medium, in order to see whether the interaction shows ob-
servational evidence for the turbulent structure of the sur-
rounding clouds. We organize the paper as follows. We dis-
cuss the models of MC turbulence in Section 2.1, radiative
cooling and X-ray broadband emission in Section 2.2, and
the simulation setup for our work in Section 2.3. The sim-
ulation results are shown in Section 3, and synthetic X-ray
images and light curves are shown in Section 4. In Section
5 we compare our models to observations of remnants, in
particular, to W44, W28 and IC 443. Conclusions and dis-
cussion are in Section 6.
2 NUMERICAL METHOD AND SIMULATION
SETUP
2.1 Turbulent Molecular Clouds
Giant molecular clouds (GMCs) are highly inhomogeneous
(Hennebelle & Falgarone 2012 and references therein). It is
still unknown what mechanisms drive supersonic turbulence
in GMCs. Gravity, star formation feedback, and magnetic
fields may play a significant role in maintaining the turbu-
lence, which is expected to rapidly dissipate without energy
injection (Mac Low & Klessen 2004; Krumholz & Burkhart
2016). In this paper we neglect the energy source of tur-
bulence, and use a “decaying model,” in which the turbu-
lence is only driven at time t = 0 and then decays with-
out further turbulence driving, to describe the turbulent
structure in GMCs. Following Ostriker, Stone & Gammie
(2001) (see also Stone, Ostriker & Gammie 1998; Lemas-
ter & Stone 2009a,b), we perform a series of 3D turbu-
lence simulations with an initially uniform, stationary gas
and assume an isothermal equation of state for the gas. The
initial velocity perturbation is generated at t = 0 follow-
ing a Gaussian random distribution with a Fourier power
spectrum |v2(k)| ∝ k−4 with k being the wavenumber be-
tween two cutoffs kmin and kmax. We set kminL/(2pi) = 1
and kmaxL/(2pi) = N/2, where L is the length of the box,
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Figure 1. Density (upper) and volume (lower) probability distri-
bution functions of MCs with initial supersonic turbulent Mach
number M = 3 (solid lines), 10 (dashed lines) and 30 (dotted
lines). The lognormal distributions are shown to compare to the
numerical results for theM = 10 run, where we choose µM = 0.57
for density and µV = −0.52 for volume.
and N is the number of zones in each direction. We use
N = 512 for most of the simulations. The turbulence is char-
acterized by the turbulent Mach number M = 〈σ2v/c2s〉1/2,
where cs is the sound speed and σv is the velocity disper-
sion in the gas. We use the turbulence driver implemented
in the codes athena and athena++ to carry out simula-
tions with initial supersonic Mach number M = 3, 10 and
30, and let the turbulence decay with time, creating inhomo-
geneous GMCs. Figure 1 shows the snapshots of the density
probability distribution function (PDF) at t/t∗ = 50, where
t∗ = L/(NMcs) = ts/(NM) is the time it takes the flow
to cross one zone, and ts = L/cs is the sound crossing time
for the computational box. Much of the mass is in the high
density gas and much of the volume is in the low density
gas. The density and volume PDFs of the turbulent MCs
can be approximately fitted with lognormal distributions:
fV,M (y)dy =
1√
2piσ2
exp
[−(y ± µ)2
2σ2
]
dy, (1)
where y = log ρ/ρ¯ and ρ¯ is the mean density. The mean
and dispersion µ and σ are related by σ =
√
2µ/ ln 10 ≈
0.93
√|µ| (Ostriker, Stone & Gammie 2001). We find that
for density PDFs µM ≈ 0.25 and σM ≈ 0.47 for M = 3,
and µM ≈ 0.57 and σM ≈ 0.70 for M = 10. Turbulence
with higher Mach number decays faster than that with lower
Mach number, so the density and volume profiles of the run
with M = 30 are only slightly different from the run with
M = 10. Figure 1 also shows a comparison of the lognor-
mal distributions with the numerical results for theM = 10
run, where we use µM = 0.57 and µV = −0.52. In addi-
tion to the decaying model for turbulence simulations, the
“energy injection model” with continuous energy injection
into the turbulent medium (Lemaster & Stone 2009a) will
be discussed in Section 5.
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Figure 2. Total cooling function calculated by cloudy, and
broadband cooling functions calculated by spex in different fre-
quency ranges for solar metallicity.
2.2 Radiative Cooling and X-ray Emission
For the interaction between a SNR and a turbulent MC,
a crucial part is the allowance for radiative cooling of the
shocked gas. The 1D spherical case of a cooling SNR in a uni-
form medium has been well studied (Chevalier 1974; Cioffi
et al. 1988; Draine 2011). A basic result is the expansion of a
SNR occurs several stages. A SNR first expands freely until
its swept-up mass becomes comparable to its initial ejected
mass. Then, the SNR moves to the blast wave stage – the so-
called Sedov-Taylor (ST) stage with a self-similar structure.
After radiative cooling becomes important the SNR goes
to the third and longest stage – the radiative cooling stage
or the “snow-plow” stage. The radiative cooling stage can
be divided into the early pressure-driven snow plow stage
in which the thermal pressure of the SNR cannot be ne-
glected, and the late momentum-conserving stage. Eventu-
ally the SNR forward front shock velocity decreases to the
sound speed of the ambient medium. The multiple stages of
SNR evolution have been confirmed by recent 3D numerical
simulations (Kim & Ostriker 2015; Walch & Naab 2015).
Following these numerical simulations, we model radiative
cooling of SNR in two different gas temperature regimes. For
gas temperature T > 104 K, we use the cloudy code ver-
sion 17.001 (Ferland et al. 2017) to generate the collisional
ionization equilibrium (CIE) cooling function Λ (in units
of erg cm3 s−1) for solar metalicity. The treatment of CIE is
simplified, as the radiative interface may not be in ionization
equilibrium. Treatments of non-equilibrium ionization (NEI,
Kafatos 1973; Shapiro & Moore 1976; MacDonald & Bailey
1981; Sutherland & Dopita 1993; Harrus et al. 1997) have
been used to give the detailed interface structure. However,
it was shown that these details are irrelevant to the global
evolution of a remnant, and CIE is a good approximation
to model the dynamics of the remnant (Bertschinger 1986;
Cioffi et al. 1988). For low gas temperature T < 104 K, we
adopt the analytic cooling function given by Koyama & In-
1 http://www.nublado.org/
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utsuka (2002) for simplicity:
Λ = Γ
[
107exp
(−1.184× 105
T + 1000
)
+ 1.4× 10−2
√
T exp
(−92
T
)]
erg cm3
s
(2)
where Γ is the heating rate Γ = 2×10−26 ergs s−1. Equation
(2) was derived from analytic fitting of the Lyman α and
C+ cooling rates at solar metallicity. Our results are not
sensitive to the details.
In order to compute X-ray emission from SNRs (see
Section 4), we also need to obtain cooling functions in the
X-ray bands. Here, we use the spex package2 (Schure et
al. 2009) to generate the broadband emission between 0.5−
2 keV (soft X-ray), 2−8 keV (hard X-ray) and 0.5−8 keV (see
also Zhang et al. 2014). Note that the X-ray emission from
SNRs has long been modeled as NEI emission. As discussed
by Schure et al. (2009), the NEI cooling rates are lower than
that of a CIE cooling curve, but the differences between NEI
and CIE emission are by a factor of . 1.5 for T ≥ 106 K.
We use the CIE treatment as an approximation. Figure 2
shows the total cooling function Λ and broadband emission
as functions of temperature.
2.3 Simulation Setup
We perform a series of simulations in a 3D computational
box using the athena++ code, which used the Harten-Lax-
van Leer-Contact (HLLC) Riemann solver and a second-
order van Leer integrator (VL2) for hydrodynamics (White,
Stone & Gammie 2016). The ambient turbulent MC as the
background in the box is generated by the turbulence driver
as introduced in Section 2.1. Table 1 summarizes param-
eters of the turbulent MC background in this paper. We
chose n¯H = 100 cm
−3 and the gas temperature of T = 30 K
as the typical mean density for MCs (Blitz 1993; Williams,
Blitz & McKee 2000), with M = 10 as the fiducial run
(MC1). The other two turbulent MC models have M = 3
(MC2) and M = 30 (MC3), as given in Section 2.1. The
box size is L = 16 pc for n¯H = 100 cm
−3. We also per-
formed two other sets of simulations: one with the ambient
mean density n¯H = 10 cm
−3, T = 300 K with a box size of
L = 64 pc, and another with the interstellar medium mean
density n¯H = 1 cm
−3, TISM = 2500 K and a box size of
L = 128 pc. In all cases, the ambient temperature and pres-
sure were sufficiently low that they do not affect the dynam-
ics of a middle-aged SNR. The zone size is ∆x = L/N , with
a fiducial zone number of N = 512. Therefore ∆x = 1/32 pc,
1/8 pc and 1/4 pc for n¯H = 100 cm
−3, 10 cm−3 and 1 cm−3
respectively. An individual SNR is located at the center of
the box with an initial radius of 20∆x, a total thermal en-
ergy of 1051 ergs, and an initial mass of 3M. The initial
energy and size of the SNR are similar to those in Kim &
Ostriker (2015). We reset the start time to t = 0 as the SNR
begins to expand.
The most straightforward test of the SNR evolution
is the adiabatic Sedov-Taylor (ST) solution for a spherical
blast wave in a uniform medium. Therefore, we also carry
2 http://www.sron.nl/spex
Table 1. Summary of Simulation Parameters
Run n¯H (cm
−3) M L (pc) N3
MC1 100 10 16 pc 5123
MC2 100 3 16 pc 5123
MC3 100 30 16 pc 5123
n¯10 10 10 64 pc 5123
n¯1 1 10 128 pc 5123
uniform 100 10 16 pc 5123
adiabatic 100 10 16 pc 5123
HR 100 10 16 pc 10243
Low 100 10 16 pc 2563
Notes. The names MCi stand for molecular cloud model i with
different initial inhomogeneous setups, and M is the turbulent
Mach number for the turbulent MC models. Runs n¯X have sim-
ilar inhomogeneous setups to MC1 but the mean density of the
molecular cloud background is X cm−3 and with different size of
the 3D computational box. Here L is the size of the box, and N
is the number of zones in each direction of the box.
out a “uniform run” to test the analytic ST model. Although
the initial structure of the SNR with a radius of 20∆x is dif-
ferent from the ST solution, the SNR quickly converges to
the ST solution. However, for a cooling SNR even expansion
in a uniform medium can be complex due to hydrodynamic
instabilities near the shock front (Sutherland et al. 2003).
Our simulations with a resolution of ∆x from 1/32 pc to
1/4 pc do not resolve the cooling region and so are not ac-
curate on these small scales.
The main feature of our simulations is the inclusion of a
turbulent density structure and radiative cooling. Compared
to the fiducial run, we also carry out an “adiabatic run” with
the turbulent structure and no cooling to separate out this
particular aspect. This case would give an upper bound of
the SNR size and swept-up mass compared to the runs with
radiative cooling.
Since the simulation resolution may not be high enough
to resolve the structure of the interface, a zone across inter-
faces between hot and cool gas is treated with an interme-
diate temperature gas temperature in the entire zone. Thus
the emissivity in this zone is higher than the realistic case,
in which only part of a zone has radiative cooling. There is
thus the potential for overestimating the effects of radiative
cooling in our simulations. We turn to convergence testing to
check whether the simulation results depend on the resolu-
tion or not. We also carry out a low-resolution run with 2563
zones and high-resolution run with 10243 zones to compare
to the fiducial run.
3 HYDRODYNAMIC RESULTS
We first consider the fiducial run MC1. Figure 3 shows three
snapshots of the density, temperature, pressure and veloc-
ity from the run MC1. We adopt an isothermal MC back-
ground so the turbulent density causes the initial pressure
fluctuations in the background, but the background pressure
is much lower than the SNR pressure and can be ignored.
The morphology of the SNR depends on the density dis-
tribution of the ambient MC. The forward shock front of
the SNR shows some sub-pc finger structures due to the
interaction between the SNR and the inhomogeneous MC.
c© 0000 RAS, MNRAS 000, 000–000
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Figure 3. 2D slices (z = 0) of density, temperature, pressure and velocity at three snapshots t = 4.9 kyr, 9.8 kyr and 18.4 kyr for the
fiducial run MC1. Note that the velocity fields in the velocity snapshots are the projected velocity on the plane of z = 0.
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Figure 4. 2D slices (z = 0) of density, temperature, pressure and velocity for the adiabatic, MC2, MC3 and n¯10 runs. The definitions
and parameters are given in Table 1. Snapshots are taken at t = 12.3 kyr.
The SNR expands from radii of ∼ 2 − 4 pc at t = 4.9 kyr
to ∼ 4 − 6 pc at t = 24.6 kyr. The density in the inte-
rior region of the SNR decreases from nH ∼ 1 cm−3 to
nH ∼ 10−2 − 10−1 cm−3, and the temperature and pres-
sure drops from ∼ 107− 108 K and ∼ (107− 108) kB cm−3 K
to ∼ 106 − 107 K and ∼ 105 kB cm−3 K because of radia-
tive cooling. The interface zones between the SNR and the
background MC has T ∼ 104 K. The velocities vary along
different directions; in general, we find that the velocity de-
ceases from ∼ 500 km s−1 to . 100 km s−1 in three snap-
shots. These properties are comparable to those from the
uniform case which will be discussed below. We still let the
turbulent background evolve as the remnant expands. Since
the SNR expansion timescale is
texpand ∼ rSNR
vSNR
<
L
2 vSNR
∼ 7.8× 104 yr
(
L
16 pc
)( vSNR
100 km s−1
)−1
,(3)
where vSNR is the typical velocity of the outer SNR, and the
definition of the average radius of the remnant rSNR is in-
troduced later in this section. The turbulent decay timescale
is
tdecay ∼ ηts ∼ 4.8× 105 yr η−2
(
L
16 pc
)(
T
30 K
)−1/2
. (4)
where the typical value of η is ∼ 10−2 − 0.1 (e.g., Ostriker,
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Figure 5. Time evolution of the averaged SNR shock front radii rSNR (upper left), total swept MC mass (upper right), total energy
Etot (lower left), and total radial momentum pSNR (lower right) for MC1 (fiducial,black solid lines), the uniform (blue dashed lines) and
the adiabatic (red dotted lines) runs. Note that for the fiducial run we also show the rSNR ∝ t0.4 relation in the upper left panel, the
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Figure 6. Comparison of the averaged SNR shock front radii rSNR (black solid lines) and the maximum radii in the shell region rmax
(blue thin lines) for the models MC1 (fiducial), MC2, and MC3 (left), and MC1, n¯10 and n¯1 (right).
Stone & Gammie 2001). Therefore we have tdecay  texpand,
and the background evolution does not affect the remnant
evolution.
Figure 4 compares the morphologies of SNRs in vari-
ous models at a fixed time 12.3 kyr. Compared to the fidu-
cial, MC2 and MC3 runs in which the ambient medium
has the same mean density, the adiabatic run shows the
fastest expansion with significantly higher density and pres-
sure in the interior region of the SNR. Radiative cooling
leads to a smaller SNR, by a factor less than two. In con-
trast to the runs with n¯H = 100 cm
−3, run n¯10 shows a
larger SNR (∼ 10 pc) with significant higher interior tem-
perature (& 107 K) and faster expansion. For the same n¯H,
the morphology of the SNR in run MC2 is slightly different
from that in run MC3 due to the different MC turbulent
structure of the ambient MC. An initially smoother turbu-
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Figure 7. Similar as Figure 5 but for MC1 (fiducial), MC2, MC3, n¯10 and n¯1 runs.
Figure 8. Comparison of density distributions (in unit of cm−3) from the low resolution run LOW (left), the fiducial run MC1 (middle)
and the high resolution run HR (right) at t = 18.4 kyr.
lent structure (lowerM) leads to a faster SNR expansion in
some directions, with a smaller interface region (T ∼ 104 K).
More quantitatively, we define some quantities to de-
scribe different gas components and measure the proper-
ties of SNRs. Following Kim & Ostriker (2015), we define
the average radius of the SNR as calculated by rSNR =∑
shell
ρr(∆x)3/
∑
shell
ρ(∆x)3, where the shell region of the SNR
is defined as the interface zones between the SNR and the
MC background with T < 2×104 K but radial velocity vr >
1 km s−1 for n¯H = 100 and 10 cm−3, and vr > 10 km s−1 for
n¯H = 1 cm
−3. The thermal and kinetic energies of a SNR
are summed up over the zones with temperature higher than
the background temperature, and the momentum feedback
from a SNR to the ambient medium is measured by the
radial momentum pSNR =
∑
ρv · r(∆x)3. For the uniform
medium case, Kim & Ostriker (2015) using the athena code
and Walch & Naab (2015) using the SPH code seren com-
pared their numerical results to the analytic results, and
found good agreement. We also found similar results using
the athena++ code. Figure 5 shows the evolution of SNR
radii rSNR, swept-up mass Msw, total (thermal and kinetic)
energy and radial momentum of the SNR pSNR in MC1, for
the uniform and the adiabatic runs. The SNRs in MC1 and
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the uniform run show similar expansion behavior, as they
have similar rSNR and Msw. This result is different from
that in Martizzi et al. (2015), who found that a SNR in
an inhomogeneous medium is larger than that in a uniform
medium with the same mean density (their Fig. 3). One of
the main reasons for the difference is due to the different
definitions of the remnant radii. In contrast to the averaged
radius rSNR, Martizzi et al. defined the outer shock radius
of a remnant as the radius of the sphere enclosing 99% of
the total energy of the gas. Here, we define the “maximum
radius” of the shell region of a remnant with vr > 10 km s
−1
(rmax). The maximum radius of the shell region encloses al-
most the total energy of the remnant, and is equivalent to
the radius given by Martizzi et al . The left panel of Figure
6 shows the comparison of rSNR and rmax for the models
MC1, MC2, and MC3. We found that for all three models
rmax ≈ 10 pc at t ∼ 100 kyr, which is consistent with Mar-
tizzi et al. However, the morphologies of the SNRs in our
work are still different from those in Martizzi et al., who
adopted the lognormal density PDF from Lemaster & Stone
(2009b) with a power spectrum for spatial correlations to
generate a turbulent density structure. In contrast to their
method, we add velocity perturbations with a Gaussian pro-
file into an initially uniform ambient medium, and generate
density structure by velocity perturbations. In their mod-
els, Martizzi et al. found that the turbulent medium has
low density channels, which allow faster SNR expansion in
some preferred directions. The turbulent medium in our sim-
ulations does not show such preferred low-density channels,
but the high-density filaments around a SNR slow down the
SNR expansion almost in every direction. SNRs are more
symmetric compared to those in Martizzi et al. The result
that rmax > rSNR is due to the large region of the shell
around the remnants; rSNR is better to measure the average
size of remnants.
Figure 5 shows that the total energy in the SNR de-
creases faster in MC1, and the radial momentum is also
lower compared to the uniform run. Because the SNR in-
teracts with denser gas in MC1, more energy is radiated
away in the interface region. This result is consistent with
Martizzi et al. (2015) (see their Fig. 4). On the other hand,
the adiabatic run shows significantly larger rSNR as an up-
per bound size of the SNR without cooling, largest swept-up
mass and radial momentum pSNR. We cut off the adiabatic
run at∼ 50 kyr once most of the SNR interior energy escapes
the computational box. The adiabatic run can be used to di-
agnose our simulations: the turbulent structure is fractal in
nature, so it does not add a new length scale, and the flow
can be expected to approach an approximately self-similar
flow with the ST solution rSNR ∝ t0.4. Figure 5 shows that
rSNR ∝ t0.4 for t . 10 kyr; then rSNR increases more slowly
than the power-law of the ST solution. Deviation from the
ST solution occurs because some SNR material starts to es-
cape the computational box after 10 kyr, so the averaged
size of the SNR is smaller than the actual size.
Figure 7 shows the remnant evolution for five runs:
MC1, MC2, MC3, n¯10 and n¯1. We find that for the same n¯H,
different turbulent backgrounds give slightly different SNR
evolution. The smoother the turbulent structure (lowerM)
of the background, the slower radiative cooling occurs in the
SNR and the higher the momentum feedback pSNR. Inter-
estingly, although the size of the SNR in MC2 is larger along
some directions than that in run MC3, the averaged rSNR
and the swept-up mass are very similar in both runs. On
the other hand, obvious differences can be observed for runs
with various n¯H, because lower n¯H leads to a larger SNR and
faster expansion with slower radiative cooling. Note that the
right panel of Figure 6 compares rmax to rSNR – we still use
rSNR to measure the size of remnants, but the values of rmax
are only slightly larger than those of rSNR, within a factor
less than 1.4. Therefore we expect that the averaged size
and shock velocity of a SNR can still be approximately de-
scribed by the analytic estimate for the uniform case. Note
that for the radiative cooling (snow plow) stage the radius of
a SNR has the dependence rSNR ∝ E0.2270 (n¯H)−0.263, where
E0 is the initial energy (Draine 2011, or see Appendix A for
details). Since the initial energy of a SNR cannot vary too
much, but n¯H can change by several orders of magnitude,
we conclude that n¯H is the controlling parameter for the size
and expansion of a SNR.
We also investigate the effects of spatial resolution. Fig-
ure 8 shows three density snapshots at the same time for
the low-resolution run (2563 zones), the fiducial case (5123
zones), as well as the high-resolution run (10243 zones). It
can be seen that the basic structure is similar in all three
cases. More quantitatively, we compare the evolution of the
SNRs in the fiducial and the high-resolution runs, and find
almost identical results. This is reassuring for the fidelity of
our results for 5123 resolution. The numerical convergence
of the remnant simulations have been discussed by Kim &
Ostriker (2015) and Kim, Ostriker & Raileanu (2017), and
we found similar results. For a uniform ambient medium, the
possibility that radiative effects are overestimated and the
simulations only slowly converge with increasing resolution
to small scales cannot be completely ruled out (e.g., Gen-
try et al. 2018; Steinberg & Metzger 2018). However, for a
highly inhomogeneous background, the remnant simulations
with spatial resolution of ∼ pc or sub-pc cannot resolve the
realistic field length (Begelman & McKee 1990), thus the
cooling is dominated by the unresolved interface between the
remnant and the ambient background. The turbulent mixing
becomes more important than the unresolved microphysical
mixing, and the numerical convergence is mainly due to the
turbulent mixing at the interface (Kim, Ostriker & Raileanu
2017; Kim private communication). Nevertheless, even if the
radiative cooling is overestimated, the adiabatic run shown
in Figures 4 and 7 gives the largest size of a SNR could be.
The effect of radiative cooling is still less significant than
the ambient mean density.
4 X-RAY EMISSION
X-ray observations are important in the study of SNRs. The
shocked ambient medium can be heated to produce thermal
bremsstrahlung and line emission. Ignoring any non-thermal
(synchrotron) component of X-ray emission, we can calcu-
late the synthetic X-ray thermal fluxes from our simulations
using the broadband emission introduced in Section 2.2. The
X-ray continuum emission from each zone of the SNR re-
gion in the simulations is e[ν1,ν2] = nenHΛ(T )
[ν1,ν2], where
Λ(T )[ν1,ν2] is the emissivity at temperature T between the
two (X-ray) frequencies ν1 and ν2 (see Figure 2). Here we
assume solar metallicity, and ne is the electron density. We
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Figure 9. X ray flux 0.5-8 keV from SNR for runs MC1, MC2, adiabatic, n¯30 and n¯1. The first three columns are the flux along the z
direction for three different times, while the last column is the flux along the x direction. Time is in units of kyr.
calculate the X-ray fluxes along each direction of the com-
putational box:
F
[ν1,ν2]
X {x, y, z} =
∫
nenHΛ(T )
[ν1,ν2]{dx, dy, dz}, (5)
where F
[ν1,ν2]
X {i} is the integrated X-ray flux along the i
direction. We neglect the flux attenuation along the line of
sight.
Figure 9 shows the images of the X-ray emission be-
tween 0.5 keV to 8 keV from the runs MC1, MC2, adiabatic,
n¯10 and n¯1. The first three columns show the X-ray image
snapshots along the z direction at three times t = 4.9 kyr,
12.3 kyr and 24.6 kyr, except for the last run n¯1, for which
we show X-ray snapshots to 123 kyr. The last column shows
the X-ray snapshots along the x direction at t = 12.3 kyr,
except the snapshot of run n¯1 is at t = 73.7 kyr. Comparing
X-ray images from runs MC1 and MC2, we find that for the
same mean density n¯H, the X-ray emission from the SNR in
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Figure 10. X-ray luminosity as a function of time for runs MC1, MC2, MC3, n¯10 and n¯1.
a less turbulent medium is brighter. This is consistent with
Figure 7 which shows slower radiative cooling for a SNR in
a less turbulent background. The size of X-ray images in
each run is comparable to the 2D slices shown in Figures 3
and 4. However, the finger structures of the interfaces in the
2D snapshots are mostly erased in the X-ray images due to
the line of sight integration. In contrast to Figures 3 and 4
which show complex interface structure, there are clear and
smooth boundaries between X-ray images and the “X-ray-
dark” background.
By integrating X-ray emission over the entire SNR evo-
lution, we can obtain X-ray light curves. Figure 10 shows
X-ray luminosities LX for various models. The luminosities
sensitively depend on the ages of the SNRs. Runs MC1, MC2
and MC3 show a very fast decreasing LX , which drops 5 to
6 orders of magnitude in 50 kyr. For runs n¯10 and n¯1, lu-
minosities decrease slower than in the first three runs, but
we still find LX dropping by almost 4 orders of magnitude
in 70 kyr for the least dense medium, n¯1. Also, we find that
the ambient turbulent structure plays an important role in
shaping the X-ray luminosity. For the same n¯H, a smoother
ambient background gives higher luminosity – there is one
order of magnitude difference between LX from MC2 and
MC3. The X-ray light curves quantitatively analyze the im-
ages in Figure 9, and we will use both the synthetic X-ray
images and light curves to compare to observations.
5 COMPARISON WITH OBSERVATIONS
We compare our simulation results in Sections 3 and 4 to
SNR observations, in particular to W44, which is interact-
ing with a GMC within which it is embedded. Two other
examples are W28 and IC 443, but they appear to be only
partially interacting with molecular gas. In addition to the
observed size, age and X-ray emission of these SNRs, we also
discuss radio observations of these SNRs. Radio combined
with X-ray emission provide the morphological information
on SNRs. More importantly, radio emission extends to the
largest radius of a SNR and presumably delineates the for-
ward shock front interacting with dense molecular gas.
5.1 W44
The SNR W44 is located in the Galactic Plane (l, b) =
(34.7,−0.4) at a distance about 3 kpc from us (Clark &
Caswell 1976; Wolszczan, Cordes & Dewey 1991; Taylor
& Cordes 1993). The remnant is elongated, with radii of
11× 15 pc with a mean radius of ∼ 13 pc (Chevalier 1999).
W44 has long been observed to be interacting with dense
molecular gas (e.g., Wootten 1977; Rho et al. 1994). The
widespread OH masers (Claussen et al. 1997) and other evi-
dence of molecular interaction (see Reach et al. 2005 and ref-
erences therein) show that W44 is located in a well-defined
GMC and propagating into the GMC, which has a radius of
∼ 58 pc and a total mass of ∼ 1.8 × 106M, with a mean
density of ∼ 60 cm−3 (Dame et al. 1986). Previous analytic
work in the literature based on the scenario of SNR-clumps
interaction estimated a much lower ambient interclump den-
sity to model W44. Rho et al. (1994) found that W44 has an
interclump ambient density of nH ∼ 0.09−0.26 cm−3, which
is far lower than the GMC mean density, and the SNR is in
an adiabatic phase. Other work preferred that W44 is in the
pressure-driven snow plow phase. Harrus et al. (1997) fitted
the interclump density to be nH ∼ 3−4 cm−3 with an initial
energy of ∼ (0.7−0.9)×1051 ergs. Chevalier (1999) modeled
W44 in a interclump medium with density nH ∼ 4− 5 cm−3
with an initial energy of 1051 ergs, while Cox et al. (1999)
suggested that the medium density is ∼ 6 cm−3. All of these
models give an order of magnitude lower ambient density
than that of a typical GMC. The dense clumps may signifi-
cantly increase the mean density of the overall surrounding
medium around W44, but since the numbers and distribu-
tion of clumps are poorly understood, it is difficult to esti-
mate the mean density of mixed clumps and an interclump
medium. Also, none of these works considered turbulence of
the GMC.
The detection of X-rays from W44 was first reported
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by the Astronomical Netherlands Satellite (Gronenschild et
al. 1978), then by many other X-ray satellites includ-
ing Einstein, the European X-Ray Observatory Satellite
(EXOSAT), the Ro¨ntgen-Satellite (ROSAT), the Advanced
Satellite for Cosmology and Astrophysics (ASCA), Chan-
dra and Suzaku (e.g., Szymkowiak 1980; Smith et al. 1985;
Jones, Smith, & Angellini 1993; Rho et al. 1994; Harrus et
al. 1996, 1997; Shelton et al. 1999, 2004; Uchida et al. 2012).
W44 is a typical SNR belonging to the class of mixed-
morphology remnants. The X-ray images show that W44 is
dominated by center-filled thermal X-rays, whereas the radio
emission has an obvious shell showing SNR-MC interaction
(Claussen et al. 1997; Reach et al. 2005). No discernible X-
ray shell has yet been observed. Harrus et al. (1996) showed
that in the Einstein band (0.2−4 keV), the X-ray luminosity
is 4+30−3 × 1033 ergs s−1.
The age of W44 can be estimated as ∼ 20 kyr, which
is obtained from the central pulsar in the SNR (Wolszczan,
Cordes & Dewey 1991). W44 is thus a middle-aged SNR.
A comparison of the morphology of W44 with our simula-
tions indicates that W44 is more like our n¯10 model than
other models. With an age of ∼ 20 kyr, the models with
n¯H = 100 cm
−3 give both rSNR and rmax < 10 pc, while the
n¯10 model gives rmax and rSNR > 10 pc. The morphology
of its X-ray image in Figure 9 shows an elongated structure
with radii between ∼ 10 − 16 pc at t = 24.6 kyr, which is
consistent with the morphology given by the radio image
(Fig. 2 of Claussen et al. 1997). If we consider that the total
X-ray (0.5-8 keV) is ∼ 1034 ergs s−1, the n¯10 model in Fig-
ure 9 gives an age of ∼ 30 kyr, which is comparable to the
age estimated for the center pulsar. Note that a more turbu-
lent MC background leads to a lower X-ray brightness and
younger age at a fixed LX . This may indicate that W44 is
embedded in a highly turbulent medium with n¯H ∼ 10 cm−3
and supersonic turbulent Mach number M & 10.
A stronger SNR-MC interaction have been observed in
the eastern part of the remnant (Seta et al. 2004), which
indicates the ambient medium has a higher mean density
in this region compared to the western part. We expect
that n¯H ∼ 100−3 cm−3 can be reached near the eastern
side of the remnant. Yoshiike et al. (2013) observed that the
atomic gas is . 10% of the molecular gas; thus the ambient
medium W44 is molecular gas dominated, and our estimate
n¯H ∼ 10 cm−3 is still valid for the most part of the ambient
medium.
One may expect that the molecular gas with high den-
sity is in the filamentary structure of the turbulent medium
with n¯H ∼ 10cm−3. Radio observations have traced the
dense molecular gas interacting with the remnant with a
density of ∼ 103− 104 cm−3, or even denser (Claussen et al.
1997; Reach et al. 2005). On the contrary, for n¯H = 10 cm
−3,
the most turbulent model MC3 (M = 30) in Section 2.1
only gives a small fraction of mass ∼ 0.7% with density
& 103 cm−3. However, denser filaments can be generated
from more turbulent media. Note that in Section 2.1 we
adopted the decaying model to generate the turbulent MC.
It is possible that some extra sources maintain the turbu-
lent energy in the MC, so the turbulent structure follows an
“energy injection model” as described by Lemaster & Stone
(2009a,b), in which energy is provided into the medium in
each simulation timestep. Figure 11 compares the density
PDF from our decaying model MC3 to the energy injection
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Figure 11. The density PDF of three turbulence model: the ini-
tial supersonic Mach number M = 30 (solid line) of the decay
model, M = 30 (dashed line) and M = 50 (solid line) with the
lognormal fit from Lemaster & Stone (2009b) (LS09b).
model with M = 30 and 50. The lognormal density PDF
for the “energy injection model” has a longer tail for high
density gas than the decaying model. Neither the decaying
model nor the energy injection model generated turbulence
with low-density channels along some preferred directions,
so we expect a SNR evolving in a highly turbulent medium
generated by the energy injection model still has a compa-
rable size as that in a uniform medium with the same n¯H.
Another possibility to create very dense molecular filaments
with n¯H = 10 cm
−3 is due to the self-gravity of the MC,
which leads to the collapse of the turbulent dense filaments
and creates denser filaments and molecular cores compared
to those do not include self-gravity.
In short, both adding energy injection into a highly tur-
bulent medium or adding self-gravity may generate molec-
ular filaments with high density ∼ 103 − 104 cm−3 with
mean density n¯H = 10 cm
−3. This estimated mean density
is slightly higher than the estimated interclump density by
previous analytic work, but note that our turbulence model
is different from the analytic clump model for the MC. The
mean density of the surrounding medium based on the clump
model may increase by increasing the number of clumps,
but our turbulence model fixed the mean density of the sur-
rounding medium, which is about six times lower than the
GMC mean density ∼ 60 cm−3. A question then arises: if
the MC turbulent structure is correct, why is the density
of the ambient medium much lower than the mean density
of the host GMC? One possible explanation is that feed-
back from W44’s progenitor including radiation and stellar
wind has already affected the ambient molecular gas and de-
creased its mean density. We expect our predictions of the
MC properties around W44 can be tested by new observa-
tions. For example, future observations using the Atacama
Large Millimeter Array (ALMA) can probably reveal highly
resolved structure of the MC on the western side of W44.
Moreover, Cox et al. (1999) discussed the impact of
thermal conduction and estimated that the central density
and temperature of W44 are ∼ 0.7 cm−3 and ∼ 7 × 106 K
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respectively. In our simulations we neglect thermal conduc-
tion, so the central density is one order of magnitude lower
but the temperature one order of magnitude higher than in
Cox et al. (1999). In order to directly compare the synthetic
X-ray emission to highly resolved mixed morphology obser-
vations and explore the origin of mixed morphology, further
work needs to be done to include thermal conduction in SNR
simulations (see discussion in Section 6).
5.2 W28
The SNR W28 (or G6.4−0.1) is located at a distance be-
tween 1.6 to 4 kpc in the Galactic Plane (l, b) = (6.71,−0.05)
(Goudis 1976; Lozinskaya 1981; Vela´zquez et al. 2002). The
angular diameter of W28 is ∼ 50′, corresponding to a ra-
dius of ∼ 15 pc (D/2 kpc). The size of W28 is compara-
ble to that of W44. The estimated age of W28 spans from
33 kyr to 150 kyr (Kaspi et al. 1993; Vela´zquez et al. 2002;
Rho & Borkowski 2002; Zhou et al. 2014), but it is most
likely that its age is between 30 − 45 kyr (Giuliani et al.
2010; Zhou et al. 2014). The radio structure of W28 has
been investigated for four decades (Kundu 1970; Shaver &
Goss 1970; Milne & Wilson 1971; Goudis 1976), and it has
been observed to show MC interaction through OH masers
lines, CO lines and other molecular lines implying shocked
gas (e.g.,Wootten 1981; Frail, Goss & Slysh 1994; Frail &
Mitchell 1998; Claussen et al. 1997, 1999; Arikawa et al.
1999; Dubner et al. 2000). The molecular interaction can
only be observed in the northeastern part of the remnant,
and the parent GMC with which W28 is interacting has a
diameter of ∼ 25 pc and a mass of ∼ 1.4 × 106M, cor-
responding to a mean density of ∼ 600 cm−3 (Dame et al.
2001; Reach et al. 2005).
X-ray observations of W28 have been carried out
by several generations of X-ray satellites including Ein-
stein, ROSAT, ASCA, XMM-Newton, Chandra and Suzaku
(Long et al. 1991; Rho & Borkowski 2002; Keohane et al.
2005; Kawasaki et al. 2005; Sawada & Koyama 2012; Pan-
nuti et al. 2017). The X-ray maps show a primarily center-
filled thermal component with partial shells at the north-
east and southwest of the SNR. Therefore W28 also has a
mixed morphology. The estimated total X-ray luminosity by
ROSAT is ∼ 6×1034 ergs s−1 (Rho & Borkowski 2002), much
brighter than W44.
We compare both the X-ray data and the size of W28
to our simulations. Since the age is uncertain, we can
compare W28 to all the models in Figure 10. For LX =
6 × 1034 ergs s−1, runs with n¯H = 100 cm−3 give an age
. 10 kyr, which is too young to match the observation. Also
for n¯H = 100 cm
−3 and an age of 30 − 45 kyr, the aver-
age size of a SNR is ∼ 5 − 6 pc with a maximum radius
rmax ∼ 10 pc, which are all smaller than the observed rem-
nant. The models with n¯H = 100 cm
−3 are ruled out. Run
n¯10 in Figure 10 constrains the age of SNR to ' 26 kyr,
which is still slightly younger than W28, while run n¯1 gives
an age of ' 55 kyr, which is somewhat older than W28’s age.
However, according to Figures 7 and 9, the n¯1 model with
an age of ' 55 kyr has a much larger size than the radius of
W28 (∼ 15 pc). The n¯1 model is unlikely to describe W28.
On the other hand, we expect that a SNR in a medium
with a mean density of ∼ 10 cm−3 and a turbulent struc-
ture similar to MC2 to be consistent with the combination
of age and X-ray data of W28. Note that run n¯10 in Fig-
ure 9 shows an elongated structure, in particular, a longest
radius of ∼ 15 pc at t = 24.3 kyr. A less turbulent medium
gives a more spherical morphology but brighter X-ray emis-
sion. We expect that replacing run n¯10 with a less turbulent
background would show a more spherical morphology and a
radius of ∼ 15 pc at at t ∼ 30kyr.
One may find an issue that the above estimate assum-
ing that the remnant is embedded in a GMC. Since W28 is
only partially interacting with its host GMC, the mean den-
sity we estimate may not be for the MC, but for the atomic
medium which around the remnant. For the atomic medium,
turbulence is probably not important. However, note that
the distance between the remnant center to the northeastern
shell shown by X-ray observation (Rho & Borkowski 2002,
see their Figs. 1-5) spans ∼ 20′ − 25′, which is comparable
to the averaged radius of the remnant if the SN exploded
near the center of the remnant. We expect that the density
of the MC is also comparable to that of the ambient atomic
medium. Since the SNR-MC interaction region is brighter
with a shell X-ray emission, we expect that the MC has low
turbulence since a smoother MC gives brighter X-ray emis-
sion. This result may conflict with radio observations which
also traced dense molecular gas with ∼ 103 − 104 cm−3 as
W44. In this case, the high-density molecular gas cannot
be modeled by the filaments of the MC turbulence. Clumpy
molecular clouds with a low density interclump molecular
medium are probably more realistic to explain the observa-
tions.
To summarize, the observations of W28 can be modeled
as a SNR partially interacting with a MC with a density of
n¯H ∼ 10 cm−3 and a supersonic turbulent Mach number
M . 3, if the SN occurred near the center of the rem-
nant. Since the average density of the host GMC is large
(∼ 600 cm−3), the question why the estimated mean den-
sity around W28 is much lower than that of its parent GMC
is even more serious than that for W44. In addition to the
scenario of strong stellar feedback, another possibility is that
the SN actually occurred near the interface between the tur-
bulent MC gas and lower density atomic gas. We have found
that a 1051 ergs SN in a typical MC with ∼ 100 cm−3 ex-
pands only to a radius of 5−6 pc in 30 kyr, so the molecular
clumps with a density of 103−104 cm−3 can be explained as
the filaments of the turbulent MC. The other part of the SN
energy then drives a larger shocked region in an HI envelope
that may be surrounding the MC. The outer contours of ra-
dio emission then delineate the forward shock front of the
SNR. Iffrig & Hennebelle (2015) have made a start of mod-
eling a SN explosion close to the edge of a turbulent MC.
More detailed simulations are needed that can be compared
to observed remnants.
5.3 IC 443
IC 443 (G189.1+3.0) has a distance of 1.5 kpc with a diame-
ter of 45′ (Lozinskaya 1981; Fesen et al. 1984), corresponding
to a radius of ∼ 10 pc. IC 443 is another example of SNR
interaction with molecular gas. The MC in front of the SNR
was first discovered by Cornett, Chin & Knapp (1977), and
the SNR-MC interaction and shocked molecular gas have
been discovered and confirmed by OH masers, CO, H2 and
other molecular features (e.g., DeNoyer 1978, 1979a,b; Bur-
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ton et al. 1988; Ziurys, Snell & Dickman 1989; Dickman et
al. 1992; Claussen et al. 1997; Rho et al. 2001; Hewitt et
al. 2006; Xu, Wang & Miller 2011; Lee et al. 2012). The
remnant shows a complex ambient environment. Only the
central part of the remnant is propagating into molecular
gas, while the northeastern part is interacting with atomic
clouds (Lee et al. 2008, 2012).
A variety of X-ray observations have been carried out by
Einstein, Ginga, ROSAT, ASCA, XMM-Newton, Chandra
and NuSTAR to show that IC 443 has an extended thermal
X-ray emission with some point sources (Petre et al. 1988;
Wang et al. 1992; Asaoka & Aschenbach 1994; Kawasaki et
al. 2002; Troja, Bocchino & Reale 2006; Zhang et al. 2018).
The early X-ray observations suggested that the remnant
is very young (Wang et al. 1992; Petre et al. 1988), but
measurements of the transverse velocity of a central pul-
sar show that the remnant’s age is ∼ 30 kyr (Olbert et al.
2001). IC 443 is also categorized as a mixed-morphology
remnant, since the X-rays show a center-filled structure.
The X-ray luminosity from 0.2 to 4 keV is estimated to be
∼ 5× 1033 ergs s−1 (Olbert et al. 2001).
The SNR-MC interaction region has a diameter of 20′,
corresponding to a radius of 4.4 pc, which is much smaller
than in W44 and W28. We estimate that the mean density of
the MC is about ∼ 100 cm−3, which is the typical MC den-
sity. It is uncertain how much X-ray emission is contributed
by the SNR-MC interaction. A simple estimate gives the
emission as LX . 5 × 1033(20′/45′)2 . 1033 ergs s−1. Note
that the most X-ray bright region is in the atomic region, the
real X-ray luminosity from the MC region may be lower than
our estimate. However, Figure 10 shows that the fiducial and
MC3 run give LX ∼a few×1031 ergs s−1 at t = 30 kyr, which
is much lower than the observed X-rays. The MC2 run shows
∼ 1032 ergs s−1, thus we suggest that the MC2 run is closer
to the real environment in front of IC 443.
Also, we estimate that for the atomic medium a mean
density of ∼ 30 cm−3 with the same turbulent structure as
MC3 is consistent with both the age and the X-ray lu-
minosity of IC 443. This estimate is basically consistent
with Chevalier (1999), who estimated the density of ambient
medium as ∼ 15 cm−3. The remnant is likely to occur near
a MC, expanding into the high-density filaments of the MC,
then propagating into the low-density surrounding atomic
medium.
6 CONCLUSIONS AND DISCUSSION
In this paper we investigate whether the interaction between
core-collapse SN explosions and turbulent MCs show obser-
vational evidence that can reveal the properties of the sur-
rounding medium. We perform a series of 3D hydrodynamic
simulations to model the evolution of individual SNRs with
radiative cooling in an inhomogeneous medium and super-
sonic turbulence. The turbulent structure is generated by
initial velocity perturbations with a Gaussian random dis-
tribution and a Fourier power spectrum |v2(k)| ∝ k−4. The
density and volume PDFs of the medium then follow lognor-
mal distributions, as shown in equation (1). The properties
of the turbulent medium are determined by the initial turbu-
lent Mach numberM. We generate three turbulence models
with M = 10 (MC1), M = 3 (MC2) and M = 30 (MC3).
Following Kim & Ostriker (2015), the expansion of a
SNR in an inhomogeneous medium can be measured by the
average radius rSNR =
∑
shell
ρr(∆x)3/
∑
shell
ρ(∆x)3, where the
SNR shell region is defined as the zones with temperature
T < 2 × 104 K but radial velocity vr > 1 km s−1 for the
mean density of the surrounding medium n¯H = 100 and
10 cm−3, and vr > 10 km s−1 for n¯H = 1 cm−3. We find that
rSNR is mainly controlled by n¯H (Fig. 7). For a fixed n¯H,
the average radius rSNR only slightly changes due to the dif-
ferent turbulent structure of the surrounding medium (Fig.
5). Therefore, the analytic estimate of rSNR for a uniform
surrounding medium can approximately describe the size of
SNR with rSNR ∝ E0.2270 (n¯H)−0.263, where E0 is the initial
energy of the supernova. This conclusion is different from
that in Martizzi et al. (2015), who found faster expansion
of a SNR in a more turbulent medium. The main reasons of
the difference are caused by different definitions of the rem-
nant sizes and the turbulent structures. We find that the
maximum radius of the remnant shell region is comparable
to those in Martizzi et al. with the same n¯H. However, Mar-
tizzi et al. used the lognormal density PDF with a power
spectrum for spatial correlations to generate the turbulent
density, while we use an initial Gaussian velocity perturba-
tion in a uniform medium to observe the evolution of turbu-
lence. The low-density channels along some preferred direc-
tions in Martizzi et al. help a SNR propagate faster in these
channels than other high-density region, but we find that
in our turbulence model there are no such channels along
special directions. The high-density filaments around a SNR
eventually slow down the SNR in almost each direction. Our
turbulence model is also different from both the multiphase
ISM model (Kim & Ostriker 2015; Kim, Ostriker & Raileanu
2017; Kim & Ostriker 2017), and the clumpy cloud models
discussed by some analytic and numerical work (White &
Long 1991; Chevalier 1999; Cox et al. 1999; Ferrand, De-
courchelle & Safi-Harb 2014).
For fixed n¯H, we find that a SNR in a more turbulent
medium has stronger radiative cooling and less momentum
feedback into the surrounding medium compared to that in a
less turbulent medium. These results are consistent with the
synthetic X-ray emission from SNRs. Using the CIE broad-
band X-ray emission for simplicity, we simulate the synthetic
X-ray images (Fig. 9) and light curves LX (Fig. 10) from
our simulations. Although the X-ray luminosity still mainly
depends on n¯H, the turbulent structure of the surrounding
medium may cause LX to vary by an order of magnitude
between a SNR in a highly turbulent medium compared to
that in a uniform medium. A more turbulent medium leads
to dimmer X-ray emission from the SNR. Moreover, in con-
trast to the 2D slices with complex finger structure in the
interface, the X-ray images show clear and smooth bound-
aries between SNRs and the ambient MC background. This
is because the line-of-sight integration (equation 5) smooths
out the finger structure shown by 2D slices.
We compare our simulations to observed SNRs, in par-
ticular, to W44, W28 and IC 443. W44 is embedded in
a GMC and propagating into it, making it a good candi-
date to be compared to the simulations. Since W28 and IC
443 appear to be only partially interacting with their host
GMCs, we give only rough constraints on their MC envi-
ronment. Since W44 is an elongated remnant with radius
c© 0000 RAS, MNRAS 000, 000–000
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of 11 × 15 pc and an age of ∼ 20 kyr, we estimate that the
MC around W44 has a mean density of ∼ 10 cm−3, which
is lower than the mean density of the global GMC. The
low X-ray luminosity of W44 indicates that W44 may be
propagating in a highly turbulent medium with turbulent
Mach number M & 10. The molecular gas with high den-
sity ∼ 103 − 104 cm−3 can be explained as the filaments of
the turbulent MC. For W28, we estimate that its ambient
medium has n¯H ∼ 10 cm−3, but is less turbulent (M . 3)
compared to the medium around W44 (M & 10). Since part
of W28 is out of the MC region, the estimated ambient den-
sity may refer to the atomic medium. If the SN occurred at
the center of the remnant, we expect that the MC has a simi-
lar mean density as the whole surrounding medium. Another
possibility is that the SN occurred close to a MC with a typ-
ical density of ∼ 100 cm−3 and expanding into a low-density
atomic medium. This is the “shock breakout” scenario for
the remnant. For IC 443, we estimate that the MC in front
of the remnant has n¯H ∼ 100 cm−3, which is the typical den-
sity of MC. The density of the ambient medium around W44
and W28 is significantly lower than that of global GMCs.
The lower density may indicate that stellar feedback includ-
ing radiation and stellar winds from the SNRs’ progenitors
may play an important role in shaping the environment of
massive stars. We expect future high-resolution observations
using ALMA to better probe the properties of the GMCs as-
sociated with these SNRS, and to test our turbulent models
of MC interaction.
There are many directions that are beyond the scope of
our paper and worth exploring. One direction is the addi-
tion of thermal conduction into SNR simulations. Since we
do not directly attempt to use the synthetic X-ray emission
from our simulations to explain the phenomena of mixed
morphology, we neglect thermal conduction in our work.
A relevant work has been done by Ferrand, Decourchelle
& Safi-Harb (2014), who simulate the interaction between
SNRs and clumpy clouds which are evaporated by thermal
conduction, and test the analytic model of White & Long
(1991). Although the evaporation of clumpy clouds probably
does not significantly contribute to the center-filled X-ray
emission, thermal conduction in the hot interior SNR may
be important. Harrus et al. (1997) found that conduction
is necessary to fit X-ray emission from W44, and Cox et
al. (1999) proposed that conduction may dominate energy
transport in W44 and prevent formation of a low density
cavity inside the remnant. The center-filled morphology of
X-ray emission from W44 may be explained by thermal con-
duction in the remnant. However, no numerical simulations
have been carried out to test Cox et al.’s scenario and ex-
plore the impact of conduction.
Another issue is the treatment of broadband X-ray
emission. So far we use the CIE broadband emission as an
approximation to calculate X-ray emission, but a more re-
alistic model of X-ray emission from SNR-MC interaction
should use NEI instead of CIE emission especially in the
interface region with T < 106 K. We encourage future sim-
ulations to generate synthetic X-ray emission using NEI
emission and directly compare to the high-resolution X-
ray observations. Orlando et al. (2016) used the NEI emis-
sion model VPSHOCK available in the XSPEC package
along with the NEI version 2.0 atomic data from ATOMDB
(Smith et al. 2001) to synthesize the X-ray emission from
SN 1987A.
Our turbulence models do not include self-gravity and
magnetic fields. The timescale of gravitational contraction is
tcc ∼ (pi/Gρ¯)1/2 ∼ 5.3 Myr (n¯H/103 cm−3), which is compa-
rable to the lifetime of the SNR progenitor stars. Therefore
self-gravity can be important to model the collapse of the
high-density clumps or filaments in the turbulent medium.
Numerical simulations have revealed that as self-gravity is
included, the gas density of a turbulent medium still follows
a lognormal distribution, with the addition of a high-density
power-law tail (Kritsuk, Norman & Wagner 2011; Pan et al.
2016). Self-gravity is also worthwhile to be further discussed
in the context of the formation of high-density molecular fila-
ments. Also, the lognormal distribution of magnetohydrody-
namic turbulence may be different from that without mag-
netic fields (Li et al. 2004, 2008; Lemaster & Stone 2009b).
Magnetic fields may not be significant for the evolution of
a middle-aged SNR (Kim & Ostriker 2015), but the inte-
rior magnetic field structure inside the remnant is crucial to
modeling radio emission. Cosmic rays can increase the pres-
sure of the remnants and boost the late time SNR expansion
and momentum injection (Diesing & Caprioli 2018). Future
studies also need to consider magnetic fields, cosmic rays,
and comparisons to radio observations.
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APPENDIX A: ANALYTIC ESTIMATE OF A
SNR EVOLUTION WITH RADIATIVE
COOLING
We consider a SNR expands in a uniform medium. The ini-
tial energy of the SNR is E0 and the density of the ambient
medium is nH. After the SNR moving into the ST stage,
the entire SNR can be described by the ST self-similar so-
lution. The shock radius, velocity and temperature behind
the postshock are given by (Draine 2011, see also Kim &
Ostriker 2015)
rSNR = 3.15 pc E
1/5
0,51n
−1/5
H,1 t
2/5
3 , (A1)
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vSNR = 1.23× 103 km s−1 E1/50,51n−1/5H,1 t−3/53 , (A2)
TSNR = 2.09× 107 K E2/50,51n−2/5H,1 t−6/53 , (A3)
where E0,51 = E0/10
51 ergs, nH,1 = nH/10 cm
−3, and t3 =
t/103 yr. According to Draine (2011), if the radiative cooling
function in a range of 105 K < T < 107.5 K is simply treated
with a power-law formula
Λ ≈ C(T/106 K)−0.7nHne (A4)
with ne being the electron number density in the ambient
medium and C = 1.1×10−22 ergs cm−3 s−1, the cooling time,
shock radius, velocity, and the temperature behind the post-
shock when the SNR transfers from the ST stage to the snow
plow stage are given by
trad = 12.4 kyr E
0.22
0,51n
−0.55
H,1 , (A5)
rrad = 8.59 pc E
0.29
0,51n
−0.42
H,1 , (A6)
vrad = 272 km s
−1 E0.070,51n
0.13
H,1 , (A7)
Trad = 1.03× 106 K E0.130,51n0.26H,1 . (A8)
Note that for nH = 100 cm
−3, we have trad ≈ 3.5 kyrE0.220,51 ,
which is consistent with the uniform run (Fig. 5) in the
paper.
During the snow plow stage driven by thermal pressure
of the SNR, the gas in the SNR hot interior can be treated
approximately as in an adiabatic process and the pressure
of the SNR has PSNRv
γ
SNR, or PSNR ∝ r−3γSNR = r−5SNR. The
pressure of the SNR shell satisfies
d
dt
(MswvSNR) ≈ PSNR4pir2SNR
= 4piPSNR(trad)r
5
radr
−3
SNR (A9)
Assuming the evolution of rSNR still obeys a power low
rSNR ∝ tη, we use equation (A9) to solve η and find η = 2/7.
Therefore
rSNR ≈ rrad
(
t
trad
)2/7
≈ 8.08 pc E0.2270,51 n−0.263H,1 t2/74 , (A10)
where t4 = t/10
4 yr, and
vSNR ≈ 2
7
rSNR
t
≈ 2
7
rrad
trad
(
t
trad
)−5/7
≈ 226 km s−1 E0.2270,51 n−0.263H,1 t−5/74 . (A11)
We use equation (A10) in Section 3 to estimate the size of
a SNR both in uniform and turbulent medium.
We do not explore the SNR evolution at later time in
this paper. In order to complete the analytic estimate we
also discuss the last stage which is the momentum-driven
snow plow stage. This stages stops once the shock velocity
is comparable to the sound speed of the medium. Then the
SNR fades away in the ambient medium. Setting vSNR in
equation (A11) to be the sound speed cs, one derives the
time and radius of the SNR when it fades away as
tfade ≈ 0.79 Myr E0.3180,51 n−0.368H,1 (cs/10 km s−1)−7/5,(A12)
rfade ≈ 28.1 pc E0.3180,51 n−0.368H,1 (cs/10 km s−1)−2/5. (A13)
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